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Background: Visceral function localization of the brain is very complex. For many 
years, people have been actively exploring the neural mechanism regulating visceral 
and substance metabolism, clarifying the complex relationship between the brain and 
peripheral nervous system related to the regulation of visceral activity, and analyzing 
its complex neural pathways. The brain is the advanced center of visceral function 
regulation. As an advanced center for substance metabolism and visceral regulation, 
the hippocampus is crucial for regulating visceral function. The liver is the core organ 
of material metabolism, and its afferent signals are mainly projected to the Nucleus of 
the solitary tract(NTS) through vagus nerve, and then they are projected to the 
hypothalamus and limbic system. 
Materials and methods: We placed a stereotaxic instrument on the head of each rat 
and performed craniotomy to open a window above the left hippocampus. We used 
gold-plated tungsten electrodes to monitor hippocampal neuronal discharges. 
Grounding was achieved using screws and silver wire. We electrically stimulated the 
liver branch of the vagus nerve and observed changes in hippocampal neuron 
discharges using a biological method; in this way, we identified hepatosensitive 
hippocampal region. We injected FluoroGold into this region and related brain areas. 
After 3 days, the rats were sacrificed and perfused; the hippocampi were fixed, 
dehydated, frozen, sectioned, and subjected to fluorescence microscopy.  
Results: Nerve discharge frequency and amplitude significantly increased in the 
hippocampal CA3 region (AP: -4.9, ML: -5.1, DV: -5.0 mm). After FluoroGold was 
injected into the left hepatosensitive region  in the hippocampus, labeled cells were 
found in the contralateral hippocampus, ipsilateral piriform cortex (PC), locus 
coeruleus (LC) and bilateral lateral hypothalamus (LHA); fluorescence in the 
ipsilateral hypothalamus was stronger than that of the contralateral hypothalamus. 
FluoroGold was injected into the LHA, PC, and LC; no labeled cells were found in 
the hippocampal CA3 region or in the control group.  
Conclusions: The hippocampal CA3 area of rats may contain a hepatosensitive 
region that plays important roles in the regulation of liver and other organ function. 
These region may receive input from the LHA, PC, and LC. 
Key words: neural regulation of liver function, hepatic branch of the vagus nerve, 
hippocampus, neural pathways 
 
INTRODUCTION 
The hippocampus plays a crucial role in visceral regulation. Recent work on 
limbic system connections in the human brain have revealed a close relationship 
between that system and visceral information [1]. The hippocampus affects visceral 
function by regulating the excitability of the hypothalamic, autonomic nerve center. 
The liver is the core metabolic organ; afferent signals project principally to the 
nucleus of the solitary tract (NTS) of the visceral center, via the vagus nerve, and then 
from the nucleus to the hypothalamus and limbic system [2]. Neuroanatomical studies 
[3] have revealed that visceral sensory feedback signals reach the hypothalamus and 
the limbic brain, which controls food intake. Anatomically, direct neural projections 
from the hippocampus to the lateral hypothalamus and bisynaptic connections from 
the hippocampus to other known hypothalamic sites involved in feeding control have 
been identified [4,5]. The hippocampus is key in terms of integrating peripheral 
signals with other sensory information. Vagus nerve stimulation triggers the typical 
hippocampal evoked potentials. Electrophysiologically, various afferent nerves of 
hepatic branch of the vagus nerve respond to slight changes in glucose concentration, 
osmotic pressure, and portal circulation temperature. These afferent systems may thus 
contribute to blood sugar, extracellular osmotic pressure, and body temperature 
homeostasis. Normal liver function involves the central nervous system; the marked 
dependence of the liver on the brain, and the neuromodulatory complexity of liver 
function, may be underestimated. Sensory signals from the liver travel to many areas 
of the central nervous system (CNS), including the hippocampus and hypothalamus, 
which regulate autonomic and endocrine homeostasis. However, little is known about 
the mechanisms involved. The hippocampal-hepatic neural pathway has not been 
studied. As a first step, we identified a hepatosensitive region in the hippocampus and 
explored the hippocampal-liver neural pathway via nerve tracing. Hence, our results 
set the experimental foundation for in-depth research on how the nervous system 
regulates liver function. 
 
MATERIALS AND METHODS 
Experimental animals  
Male Sprague-Dawley rats aged 6–8 weeks were purchased from the laboratory 
animal center of Guilin Medical College (certificate #SCXK GUI 2007-0001).  
Ethical Approval number is GLMC201703022. FluoroGold (FG) was from KeyGen 
Biotech (Jiangsu, China, cat. no. kgmp023/kgmp023–1). We used 190 rats divided 
into two groups that underwent electrical stimulation of the hepatic branch of the 
vagus nerve (30 rats), or neural tracing (160 rats). FG was injected into the 
hepatosensitive area of the left hippocampus, the ipsilateral piriform cortex (PC), the 
locus coeruleus (LC), and the bilateral lateral hypothalamus (LHA) (0.1, 0.3, and 0.5 
µL, respectively) and the rats were divided into three subgroups of 10 rats. Each 
control subgroup (10 rats) was injected with normal saline. During preliminary 
electrical stimulation of the hepatic branch of the vagus nerve, we recorded 
hippocampal neuron discharges using gilded tungsten wire (KEDOUBC, Suzhou, 
China) as the recording electrode. We delivered stimuli of 3, 6, and 9 V to fasted rats 
(water was allowed). Animals were allowed to acclimate for at least 1 week before 
experimentation. Animal suffering and death were minimized, in line with the 




Electrical stimulation of the hepatic branch of the vagus nerve 
After intraperitoneal injection of 1% (w/v) pentobarbital sodium in saline (40 
mg/kg), rats under anesthesia were positioned on a stereotaxic instrument and the 
scalp was incised along the median sagittal line using the fontanelle as the origin. 
With reference to a brain stereotaxic atlas, the hippocampal skull projection area was 
marked. Brain tissue was exposed by drilling a hole about 0.8 mm in diameter, 
followed by placement of a grounding screw of depth about 0.7 mm, 12mm from the 
recording electrode. A gold-plated tungsten electrode (The exposed tip is 5-10 
microns in diameter, impedance 1–2 MΩ) was fixed to the instrument holder and 
adjusted to the required coordinates. We confirmed that all electrodes were 
well-insulated; only the tips conducted electricity. The belly was disinfected and 
laparotomy was performed to expose the liver and esophagus. A saline swab was used 
to move the left lobe to the right of the esophagus, thus completely exposing the 
esophagus; then the vagus nerve of the esophagus and the hepatic vagus nerve of the 
porta hepatis were visible. We placed the electrodes of an in-house vagus nerve 
stimulator (a peripherally insulated bare silver wire that touched only the liver branch 
of the nerve) about 1 cm apart, close to and distant from the center of the liver branch 
of the vagus nerve; both electrodes were wound around the nerve (1.5 loops), the 
negative pole is placed at the proximal end of the nerve and the positive pole is placed 
at the distal end. We were careful to minimize tension to prevent nerve damage. The 
stimulatory electrodes were fixed to the abdominal wall and the front abdominal wall 
muscle to prevent slippage. The stimulatory electrode and recording electrodes were 
connected to the signal acquisition system (Gain: 5mV, time constant: 0.1s, filtering: 
10000Hz) and the grounding wire was wound tightly around a screw and slowly 
passed into the hippocampal region. When the signal-to-noise ratio (SNR) became 
greater than 3:1, we recorded neuronal discharges. We implanted the recording 
electrodes into different hippocampal areas and structures, and then restimulated the 
hepatic branch of the vagus nerve; the threshold intensity is the minimum output 
voltage that can increase or decrease the discharge amplitude and frequency of 
hippocampal neurons by 20%. Amplitude and frequency changes > 20% were 
considered to be indicative of hepatosensitive region. As a control, saline solution 
containing TTX (TTX: 2.5ng/0.1μl) was injected into the liver sensitive region in the 
hippocampus, and then vagus nerve was stimulated to observe the changes of neuron 
discharge in the liver sensitive area of hippocampus. Procedures for local 
microinjections have been described in detail elsewhere [32]. The signals were 1 ms 
in duration after 100 ms of delay, and 3, 6, or 9 V in intensity. Intermittent stimulation 
featured single coarse-voltage stimuli. Only stable discharges with SNRs > 3 were 
recorded.  
FluoroGold nerve tracer 
The rats’ skulls were drilled as described above and 3% (w/v) FG (0.1, 0.3, or 0.5 
µL) was subdurally injected into hepatosensitive region (AP: -4.9, ML -5.1, DV: -5.0 
mm), the left HLA (AP: -4.8, ML: -1.0, DV: -8.1 mm), the PC (AP: -4.8, ML: -7.5, 
DV: -8.5 mm), and the LC (AP: -9.16, ML: -1.0, DV: -6.5 mm). Control rats received 
the same amounts of normal saline. The needle remained in place for 10 min after 
injection and the rats were held for 72 h. After sacrifice via re-anesthesia, the chest 
cavity was opened and the heart was exposed. An in-house blunt needle was used to 
enter the ascending aorta from the apex of the heart, and fixed with a needle holder to 
prevent slipping. The right auricle was removed and successively perfused with PBS 
followed by 4% (v/v) paraformaldehyde, first rapidly and then slowly. The brains 
were collected, fixed in 4% (v/v) paraformaldehyde at 4°C for at least 24 h; and 
successively placed in 10%, 15%, and 30% sucrose solutions at 4°C until the tissue 
sank to the bottom. The samples were dehydrated, frozen, and sectioned (15–20μm), 
and then the sections were placed on adhesive slides, which were sealed after washing 
with PBS. Finally, the samples were observed under a fluorescence microscope. FG 
was excited using ultraviolet light (irradiation 418 nm, excitation 331 nm). All 
operations proceeded in the dark. Labeled cells were counted. Sections of the 
neuronal cell body and axon served as retrograde markers when counting cells. For 




Discharge frequencies and amplitudes and FG-labeled cell counts using SPSS ver. 
25.0 software. Data are given as arithmetic means with standard deviations. The 
paired t-test was used to compare discharges before and after stimulation. Comparison 
of groups with different electrical stimulation intensity and different FG injection 
doses were evaluated via one-way ANOVA. The independent samples t-test was used 




Identification of hepatosensitive region in the hippocampus 
The hepatic branches of the vagus nerve of 30 rats were electrically stimulated 
and hippocampal discharge frequencies and amplitudes were recorded. Most rats 
(26/30) exhibited increased (>20%) discharge frequencies and amplitudes from the 
hippocampal CA3 region (AP: -4.9, ML: -5.1, DV: -5.0 mm). The basic discharge 
frequency was 124.31± 16.31Hz and the amplitude was 90.77±14.23µV; stimulation 
with 3, 6, and 9V yielded values of 157.81±16.94Hz and 180.81±10.50µV, 
187.77±10.66Hz and 264.88±10.94µV, and 193.31±13.08Hz and 265.23±12.91µV, 
respectively (all p<0.05, ANOVA). Thus, both the frequency and amplitude of 
discharge increased as the stimulation increased (Fig. 1E.F), and basically reached the 
saturation stimulation intensity at 6V, while the discharge changes of 6V and 9V in 
the liver sensitive areas of hippocampus showed no significant change. After 
stimulation ceased, the frequency and amplitude gradually returned to the basic level. 
As stimulus intensity increased, the recovery time was prolonged (Fig. 1B-D), After 
TTX injection, the local hippocampal action potential was blocked, eliminating the 
response to the stimulation of the hepatic branch of the vagus nerve. 
Figure 1A shows the location of the injection and record site in hippocampus. 
Though there were variations in the placements among animals, the histology 
indicated that electrode implantation and TTX were injected into the hepatic sensitive 
regions of the hippocampus of the rats used in the study. Rats with inaccurate 
localization were excluded. 
 
Conduction pathways of hepatosensitive region in the hippocampus 
FG was injected into hepatosensitive region in the left hippocampus to explore 
the nerve conduction pathways. Hematoxylin-and-eosin staining and fluorescence 
microscopy of defined areas of the left hippocampus (excluding instances of injection 
inaccuracy or FG overflow) revealed various numbers of labeled cells. Different 
amounts of FG were injected into hepatosensitive areas of the left hippocampus, in the 
right hippocampus containing the FG labelled neurons, including both LHAs and the 
left sides of the PC and LC are seen with fluorescence labeling cells (Figs. 2-5). 
Labeled cell numbers significantly increased as the FG dose increased (p<0.05; Table 
1) The left lateral hypothalamus exhibited more labeled cells than the right side 
(p<0.05) (Fig. 3M). After saline injection, no labeled cells were found in the right 
hippocampus, the bilateral LHAs, the PC, or LC. After FG was injected into the LHA, 
PC, and LC, no labeled cells were found in the hippocampus (Fig. S1). 
 
DISCUSSION 
The hippocampus plays an important role in visceral regulation [6]; research on this 
topic is of both theoretical and clinical significance. The liver sends signals to the 
central nervous system through the vagus nerve [7]. We electrically stimulated the 
liver branch of the vagus nerve and found hepatosensitive region in the hippocampus. 
The method used was developed in 1986 by Kobashi and Adachi [8], who studied the 
projections of related nuclei. Other studies featuring electrical stimulation of the liver 
branch of the vagus nerve have revealed a functional relationship between the liver 
and the nucleus tractus solitarius (NTS). We found that, in the hippocampal CA3 
region (AP: -4.9, ML: -5.1, DV: -5.0 mm), the discharge frequencies and amplitudes 
increased by >20%, and then gradually reverted to the basic rates, consistent with the 
findings of previous studies [9]. We speculate that the increased discharges in specific 
hippocampal areas caused by stimulation of the hepatic branch of the vagus nerve 
may reflect projections of the hippocampal liver region [10]. In a previous study, 
stimulation of the hepatic branch of the vagus nerve reduced weight gain in rats fed a 
high-fat diet [11]. Such stimulation also triggers loss of weight and appetite in other 
animals; the vagus nerve transmits signals to both the hippocampus and other brain 
regions [12]. In young mice, metabolic data on the liver are transmitted to the brain 
via the hepatic vagus nerve [13-16]. These works, combined with our present data, 
suggest that hepatic afferent signals may be projected to specific hippocampal areas 
by the hepatic branch of the vagus nerve. We found that the hippocampus (AP: -4.9, 
ML: -5.1, DV: -5.0 mm) may be sensitive to signals from the liver vagus nerve, 
playing an important role in the regulation of liver and other organ function. Different 
neurons exhibit different action potential thresholds. For example, intermediate 
hippocampal neurons (inhibitory neurons) have lower thresholds than pyramidal cells 
(primary neurons). That cone cell discharges might be inhibited by local intermediate 
neurons activated by certain stimuli delivered to their afferent fibers. Although 
computational modeling supports this hypothesis [17], in vivo data are lacking. In one 
study [18], neuronal stimulation had both inhibitory and excitatory effects. In addition, 
the stimulation frequency may affect neuronal discharge [19]. We used 3, 6, and 9 V 
to stimulate the hepatic branch of the vagus nerve. The neuronal discharge gradually 
increased as stimulation intensity increased, perhaps attributable to the stimulation of 
pyramidal cells. The neuronal discharge frequency and amplitude gradually increased 
with stimulation intensity, perhaps reflecting increasing pyramidal cell excitation. 
Changes in hippocampal neuronal discharge developed within 0.1 s after electrical 
stimulation of the vagus nerve; the neuroregulatory effects were rapid, accurate, and 
transient. Compared to injection of glucose or lipids into the hepatic portal vein, nerve 
stimulation detects sensitive brain areas more rapidly and accurately. It is possible that 
the observed changes in nerve discharges reflect only signals transmitted via the 
hepatic branch of the vagus nerve. It is also possible that stimulation of this branch 
affects not only the liver but also the gastrointestinal tract [20]. Given the unique 
features of the nerve, the affected brain regions become apparent upon neuronal 
stimulation. However, associations among vagus nerve-sensitive regions remain 
poorly understood. The nerve exhibits many and varied functions that may overlap; 
roles may be exchanged. Thus, it remains to be confirmed that stimulation of the 
vagus nerve of the liver triggers the hippocampal discharges. Despite the several 
neuroanatomical possibilities, we have confirmed a connection between the 
hippocampus (the visceral regulatory center) and the liver. The BL-420E experimental 
instrument used in this experiment may have some limitations, and the specific 
mechanism of the hippocampal hepatic sensitive nerve area and its related neural 
pathways still needs to be further studied. 
We used FG (a retrograde nerve tracer) to explore the morphological and 
anatomical connections of conduction pathways in hepatosensitive areas of the 
hippocampus. FG reveals fibers that run from the brain to target organs, and is the 
gold standard tracer for rodents. We injected it into hepatosensitive areas in the left 
hippocampus; labeled cells were apparent in the right hippocampus, bilateral LHA, 
left PC and LC, and ipsilateral LHA, at levels much higher than in the contralateral 
regions. Recent studies have shown that the LHA is involved in the regulation of 
gastrointestinal movement and feeding behavior via the brainstem NTS and the dorsal 
vagus motor nucleus. Thus, the hypothalamus is involved in visceral regulation. 
Previous studies have found that PC fibers project into the hypothalamus and 
amygdala and regulate appetite. The LC-norepinephrine (NE) system mediates many 
visceral responses and is associated with hippocampal fibers. We have shown that 
fibrous connections may exist between the left and right hippocampi. Both LHAs, and 
the ipsilateral PC and LC, project fibers to the hepatosensitive area of the 
hippocampus; the ipsilateral LHA projection is stronger than the contralateral 
projection. One side of the hepatosensitive area of the hippocampus accepts fibers 
projecting from the bilateral hypothalamus; this tissue centrally regulates energy and 
metabolic balance [21] including liver lipid and lipoprotein metabolism. 
Hypothalamic fibers project to the hippocampus. Orexin is found in both the 
hippocampus and LC; both tissues regulate feeding behavior and energy balance. Our 
results are consistent with those of recent studies on the anatomy of the association 
between the hippocampus, hypothalamus, and LC [22, 23]. We speculate that liver 
function regulation by hepatosensitive region in the hippocampal CA3 region may 
involve the LHA, PC, and LC. When FG was injected into these regions, no labeled 
cells were found in the hepatosensitive areas, suggesting that the fiber connections 
between the hepatosensitive region and the LHA, PC, and LC may be one-way [24] 
Some recent studies [25-27] found that the hippocampus was directly or indirectly 
linked to the hypothalamus, PC, and LC. The hippocampal control hierarchy [28] is: 
hippocampus to the hypothalamus, to the brain stem, to the vagus nerve. Functional 
fibers linking the hippocampus and hypothalamus have been found in previous studies 
[29]. The responses in the hippocampus to vagal stimulation are likely to result from 
stimulation of vagal afferents and reach the hippocampus via NTS and the data do not 
test whether there is a vagal efferent pathway involved. A recent study found that the 
PC and hippocampus were involved in the sense of smell [30]. Furthermore, the 
hippocampus and LC affect cognitive function [31]. However, few studies have 
explored whether the PC and LC regulate internal organs. The hepatosensitive 
hippocampal CA3 region may be connected to the lateral hypothalamus, PC, and LC. 
The roles played by the latter two regions will be explored in future experiments.  
 
CONCLUSIONS 
There may be liver sensitive region in the CA3 area of rat hippocampus, and the 
area receives nerve fiber projections from lateral hypothalamic area, piriform cortex 
and blue spots, and is unidirectional fiber projection. The CA3 area received nerve 
fiber projection from bilateral lateral hypothalamus area, and the ipsilateral projection 
was stronger than the contralateral side.  
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Table 1. Numbers of fluorescently labeled cells in the right hippocampus, bilateral 
LHA, left PC, and LC after hepatosensitive region in the left hippocampus were 










Left PC Left LC 
0.1µL 10 50.63±5.04 30.50±7.39 5.25±1.67 21.38±5.71 10.25±3.24 
0.3µL 10 136.00±9.64 44.43±7.00 12.71±2.63 56.43±9.88 19.14±2.41 




F-value 707.33 49.59 69.28 294.85 31.53 
P-value <0.05 <0.05 <0.05 <0.05 <0.05 
  
Figure 1. A Schematic diagram of the location of recorded and microinjection in the 
hippocampus. Record and injections sites are indicated by inverted triangles (▼). B-D 
Variations of neuron discharge in rat hippocampal CA3 region of vagus nerve with 
different electrical stimulation (n=26) (B) 3V (C) 6V (D) 9V, ↓ : electrical stimulation. 
E.F Rats hippocampal neuronal discharge frequency and amplitude (n = 26) with 
different intensity of liver branch of the vagus nerve stimulation. (E) The firing 
frequency of hippocampal region before stimulation and after stimulation of vagus 
nerve with different intensities. (F) The discharge amplitude of hippocampal region 
after basal discharge before stimulation and hepatic branch of vagus nerve after 
electrical stimulation with different intensity. Data are processed with paired t test and 
single factor variance analysis. Comparison before and after stimulus with different 
intensity, ***P<0.001. Comparison of results stimulated with 3V and 6V, 
△△△P<0.001; Comparison of results stimulated with 3V and 9V, ○○○P<0.001. 
 










Figure 2. Fluorescence tracer results of right hippocampus after different doses of FG 
were injected into left hippocampal liver sensitive region of rats (0.1μL, n=10; 0.3μL, 
n = 10; 0.5μL, n = 10; A1: FG 0.1μL, 40×, A2: FG 0.1μL, 200×, B1: FG 0.3μL, 40×, 
B2: FG 0.3μL, 200×, C1: FG 0.5μL, 40×, C2: FG 0.5μL, 200×). The bright white 
neurons are FG labeled cells. 
 
Figure 3. D-F Fluorescence tracer results of bilateral lateral hypothalamus after 
different doses of FG were injected into left hippocampal liver sensitive region of rats 
(0.1μL, n=10; 0.3μL, n = 10; 0.5μL, n = 10; D1: FG 0.1μL, 40×, D2: FG 0.1μL, left 
side 200×, D3: FG 0.1μL, right side 200×, E1: FG 0.3μL, 40×, E2: FG 0.3μL, left side 
200×, E3: FG 0.3μL, right side 200×, F1: FG 0.5μL, 40×, F2: FG 0.5μL, left side 
200×, F3: FG 0.5μL, right side 200×). The bright white neurons are FG labeled cells. 









the hippocampal hepatosensitive region injected with different doses of FG (0.1μL, 
n=10; 0.3μL, n=10; 0.5μL, n=10). One-way anova and independent sample t test are 
used. Compare LHA of left and right at the same dose, △△△P<0.001; Left LHA: 
0.1μL VS 0.3μL: **P<0.01; 0.3μL VS 0.5μL: ##P<0.01; 0.1μL VS 0.5μL: 
▲▲▲P<0.001; Right LHA: 0.1μL VS 0.3μL: ▽P<0.05; 0.3μL VS 0.5μL: ○P<0.05; 
0.1μL VS 0.5μL: □P<0.05. 
 
 
Figure 4. Fluorescence tracing results of ipsilateral pyriform cortex after different 
doses of FG were injected into left hippocampal liver sensitive region of rats. (0.1μL, 
n=10; 0.3μL, n = 10; 0.5μL, n = 10; G1: FG 0.1μL, 40×, G2: FG 0.1μL, 200×, H1: FG 
0.3μL, 40×, H2: FG 0.3μL, 200×, I1: FG 0.5μL, 40×, I2: FG 0.5μL, 200×). The bright 







Figure 5. Fluorescence tracing results of ipsilateral locus coeruleus after different 
doses of FG were injected into left hippocampal liver sensitive region of rats (0.1μL, 
n=10; 0.3μL, n = 10; 0.5μL, n = 10; J1: FG 0.1μL, 40×, J2: FG 0.1μL, 200×, K1: FG 
0.3μL, 40×, K2: FG 0.3μL, 200×, L1: FG 0.5μL, 40×, L2: FG 0.5μL, 200×). The 
bright white neurons are FG labeled cells. 
 
 
Figure S1. Fluorescence labeled results of FG injection in the left lateral 
hypothalamus, pyriform cortex and locus coeruleus in rats (n=10). There are not 
fluorescent labeled cells in the left hippocampal liver sensitive area (A1: 0.5μL, 40×, 
A2: 0.5μL, 200×).  
 
